Abstract The hydrodynamics and nitrogen/silicon biogeochemistry accompanying the development of a red-tide assemblage were examined in the Ría de Vigo (northwest Spain), a coastal embayment affected by upwelling, during an in situ diel experiment in September 1991. Despite a low N:Si molar ratio (0.5) of nutrients entering the surface layer, which was favourable for diatom growth, the diatom population began to decline. Limited N-nutrient input, arising from moderate coastal upwelling in a stratified water column, restricted net community production (NCP=
Introduction
Studies on the ability of red-tide organisms for vertical migration and their ecological advantage in stratified waters began at the beginning of this century (Hasle 1950 and references therein) and have continued to the present day (Blasco 1978; Eppley et al. 1984; Passow 1991; Crawford and Purdie 1992) . In addition to thermal stratification and related conditions (warm temperatures, low turbulence, nutrient starvation), increased proliferation of red-tide assemblages in coastal waters have been recently associated with an increase in the N:Si ratio of nutrients available to natural microplankton populations (Smayda 1990; Watanabe et al. 1995) .
Dramatic changes in the biochemical composition of red-tide organisms occur, connected with their diel vertical migration. Carbohydrate synthesis in the surface layers during the photoperiod, and incorporation of nitrogen at the nutricline for protein synthesis during the dark induce diurnal changes in the carbohydrate:protein ratio (Eppley et al. 1968; Cullen et al. 1985) . Carbon losses in the dark were observed by Eppley and Sharp (1975) , mostly at the expense of polysaccharides (Morris and Skea 1978) . Such diel metabolic cycles seem to be coupled to the lightdark cell cycle (Eppley 1981; Morris 1981; Cuhel et al. 1984 ).
The ability of dinoflagellates to migrate vertically seems to be induced by nitrogen starvation in surface waters, as observed in Gyrodinium aureolum (Paasche et al. 1984) and Gonyaulax polyedra (Harrison 1976) . On the other hand, the ability for active migration of some chain-forming diatoms (Rhizosolenia mats), induced by changes in buoyancy associated with the carbohydrate:protein ratio, have been recently demonstrated by Richardson and Cullen (1995) and Moore and Villareal (1996) . In contrast, diatom migration is not coupled to the diel cell cycle.
Recurrent red-tide events are a serious threat to the success of mussel rafts, which have been intensively cultured in the Rías Baixas (northwest Spain) from the middle of this century. The classical annual cycle of microplankton species in temperate seas was established by Margalef et al. (1955) and Durán et al. (1956) for these large coastal embayments, where residual circulation is strongly affected by shelf wind-stress (Blanton et al. 1984) . Northerly winds cause upwelling of Eastern North Atlantic Central Water (Fraga 1981) and enhance the estuarine circulation (Prego and Fraga 1992) . In contrast, southerly winds generate downwelling and move shelf-surface waters towards the ría. A reversal of this positive circulation pattern occurs during strong downwelling events (Rosón et al. 1997) . From May to October, intermittent northerly winds produce a 1 to 2 wk stress/relaxation cycle (Blanton et al. 1987; Alvarez-Salgado et al. 1993 ) that results in the annual succession from small pioneer diatoms to red-tide species occurring several times during this period (Figueiras and Ríos 1993; Pazos et al. 1995) . During upwelling events, diatoms are the dominant taxon (Figueiras and Niell 1987) . During the subsequent upwelling relaxation, a subsurface chlorophyll a maximum usually develops, consisting of small diatoms and several dinoflagellates, oligotric ciliates and small flagellates. Eventually, after prolonged periods of non-wind-forced conditions (~10 d; Alvarez-Salgado et al. 1996) , stratification and nutrient depletion in the upper water column is accompanied by the development of red-tide forming species (Pingree et al. 1976; Figueiras and Ríos 1993) .
During an in situ 24 h experiment in the Ría de Vigo, the microplankton population was clearly dominated by diatoms, but an assemblage of red-tide species began to develop. The ability of Ceratium furca, Mesodinium rubrum, Eutreptiella sp., Scrippsiella trochoidea and Dinophysis acuminata for vertical migration has been confirmed in the field (Villarino et al. 1995) . Physical and chemical data were monitored during the course of the experiment. Therefore, we were able to record in situ the hydrodynamic and chemical conditions that accompanied pronounced planktonic biochemical changes at the beginning of a succession from diatoms to red-tide species. It must be observed that a period of 24 h is too short to investigate circadian rhythms (causes, mechanisms, etc.) ; it only accurately reflects the strong biochemical changes observed during the sampling period. The present study is one 5 of the few describing vertical migration in the field; the abundant literature available is mainly based on controlled laboratory experiments. Although diatom dominance is linked to silicate availability (Smayda 1990; Egge and Aksnes 1992) , the present paper describes a case where silicate exceeded diatom requirements but the diatoms still declined. The causes for such decline, and the ability of red-tide assemblages to take advantage of favourable environmental conditions are discussed.
Material and methods
A diel experiment was carried out in the Ría de Vigo at Station 3b (42°14.5'N; 8°45.8' W), at 39 m depth (Fig. 1) . The station was sampled from 10:50 hrs Greenwich Mean Time (GMT) on 19 September to 11:00 hrs GMT on 20 September 1991 at 2 h intervals. Samples were drawn from five depths with 5-litre Niskin bottles. Collection depths were determined from salinity, temperature and fluorescence profiles obtained with a CTD (conductivitytemperaturedepth) probe Sea Bird Electronics Model 9 and a Sea Tech fluorometer, both attached to a General Oceanics rosette.
Chemical analyses
Salinity was determined from conductivity measurements (UNESCO 1983), using an AUTOSAL 8400A with a precision of 0.003 pss (practical salinity scale: UNESCO 1995). Nutrients were analysed on board by Technicon AAII segmented flow--analysis according to Hansen and Grasshoff (1983) , with some small modifications (Mouriño and Fraga 1985; Alvarez-Salgado et al. 1992 
Fluorimetric measurements
Fluorimetric measurements were made with a 10000 R Turner Designs fluorometer, on water samples dark-adapted at ambient temperature for 20 min (Bates 1985; Falkowski and Kiefer 1985; Kolber et al. 1990 ). In vivo fluorescence (F) was measured directly, and maximum in vivo fluorescence (Fm) was measured after the addition of a saturated solution of 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU).
The maximum change in the quantum yield of fluorescence ( sat = [Fm-F]:Fm) is a measurement of the photosynthetic conversion efficiency, which has been suggested to be a diagnostic of nutrient limitation during phytoplankton photosynthesis (Kolber et al. 1990; Falkowski et al. 1991; Geider et al. 1993) , independent of irradiance in nutrient-replete conditions. Chlorophyll a concentrations were determined by fluorometry of acetone extracts (Yentsch and Menzel 1963 ). The ratio E 0 -:E 0 + is an empirical measure of light attenuation at the airsea interface.
Wind stress
The upwelling index (I W ), a rough estimate of the water flow upwelled per kilometre of coast, was calculated according to Wooster et al. (1976) :
where  a = density of air (1.22 kg m 
Current meters
Residual currents were obtained at the sampling site from an array consisting of four Aanderra current meters deployed at 9, 19, 29 and 35 m depth. Data were logged at 8 20 min intervals. Tidal and residual currents were predicted from harmonic analysis of each velocity component of the data (Pugh 1987) , and the harmonic component was subtracted from each meter record to estimate the residual components.
Results

Hydrography and residual circulation
Current-meter residual flows along the main axis of the ría showed ingoing currents at 9 and 19 m depth of 3.2 and 6.3 and km d (Pritchard 1969; Prego and Fraga 1992; Rosón et al. 1997 ).
Three layers were defined according to the velocity field along the main axis of the Ría ( The velocity in the SOL can be estimated assuming bidimensionality (i.e.
currents at Station 3b are representative for the cross-section) and considering the geometry and the average salinity of each layer (Table 1) ). Finally, the average velocity of the SOL, 9.9 km d Despite the strong flows recorded at the sampling site, there were no significant changes in water masses throughout the diel experiment, as confirmed by the composite temperaturesalinity diagram for the 13 casts (Fig. 3 ). This indicates steady-state conditions during the sampling period. The hydrographic structure resulted from the mixing of two end-members: (1) surface water with a salinity of 34.81 ± 0.09 pss (average ± SD) and a temperature of 21.5 ± 0.5 °C; and (2) Eastern North Atlantic Central Water (ENACW), which upwelled over the shelf and entered the ría, driven by moderate northerly winds on 18 September (Fig. 4) . The thermohaline properties of source ENACW from an oceanic reference station off the Ría de Vigo (occupied on 16 September) fit to the straight line:
(r 2 = 0.996 n = 14)
The ENACW end-member into the ría was characterised by 35.95 pss and 12.44 °C (square on ENACW line in Fig. 3 ). An uplift of the isopycnals was apparent in the surface layer at 10:00 and 22:00 hrs GMT on 19 September, and at 11:00 hrs GMT on 20 September, coinciding with the maximum tidal velocity during rising tides (Fig.   5a ).
Net nutrient uptake and mineralization Nutrient input to the SOL by continental runoff can be roughly estimated; we took a net flow of 17.5 m 3 s -1 (average between our two independent estimations).
Continental input to the rías deliver from 20 to 40 µM of nitrate and 105 µM of silicate (Fig. 5b, c, d ). respectively. This was a consequence of the well-documented nutrient enrichment of upwelled ENACW by mineralization processes over the shelf and in the rías (Fraga 1981; Alvarez-Salgado et al. 1993; 1997 (Fig. 5e ). The average concentration was 2.9 ± 1.3 µmol kg ; therefore, at 12.44 °C, only 2.7 µmol kg -1 were expected. However, as much as 13.6 ± 1.0 µmol kg -1 were observed in the BOL, i.e. 80 % of silicate must have originated from opal dissolution. This important enrichment of silica compared to nitrogen has already been described for this area, and is a common feature in upwelling systems (AlvarezSalgado et al. 1997) .
Dissolved oxygen (Fig. 5f ) exhibited a strong gradient throughout the water column, being oversaturated in the SOL, with extremely high values >370 µmol kg Diurnal pattern in C:N ratio and primary production High concentrations of particulate organic nitrogen (PON) were observed in the SOL, with the maximum at the pycnocline (3.5 to 4 m depth), except at the beginning and at the end of the diel experiment (~11 h GMT on 19 and 20 September) when the maximum rose to the surface (Fig. 6a) . The PON distribution resembled that of chlorophyll ( Fig. 6e) , which was demonstrated to be composed of two main microplankton assemblages during parallel sampling (Villarino et al. 1995) : (1) a diatom assemblage consisting of elongated diatoms (Thalassionema nitzschoides, Asterionella japonica and unidentified pennate species) and centric diatoms (Thalassiosira nana), which constituted > 60% of the total cell numbers in most of the samples, and was the responsible for the chlorophyll maximum observed at the pycnocline; (2) a community of medium and large dinoflagellates and ciliates, which and 20 September, i.e. when red-tide species were concentrated in the surface (Fig.   6d ).
The C:N molar ratio of particulate organic matter, displayed a diurnal pattern (Fig. 6b) . At the depth of the chlorophyll maximum, higher C:N ratios were observed during the photoperiod, being >9 at 15:00 hrs GMT. C:N ratios dramatically decreased during the dark, down to values of <6 at 5:00 hrs GMT. Superimposed over this daily periodicity was a vertical gradient, with C:N ratios decreasing with increasing depth in both light and dark. The combination of the diurnal and vertical patterns resulted in the distribution of the C:N ratio observed.
Active vertical migration of some diatom species by means of pronounced changes in buoyancy (related to the carbohydrate:protein ratio) have recently been observed (Richardson and Cullen 1995; Moore and Villarreal 1996) . In the present study, the time-course of diatom numbers (as percentage of total diatoms in the water column) did not indicate active buoyancy (Fig 6c) .
Short PI incubations (~2 h) do not allow the respiration of the inoculated 14 C to be taken into account and gross primary production (GPP) at depth z can be estimated by the equation:
where P max (mg C mg -1 chl a h 
Discussion and conclusions
The N:Si molar ratio in source-ENACW at 12.44 °C was 2.7. As the N:Si composition ratios of marine diatom are 1 (Brzezinski 1985) , the observed nutrient ratio would be likely to limit diatom growth by silicon starvation (Howarth 1988; Dugdale et al. 1995) , and would thus lead to the recurrent dominance of red-tide species (Officer and Ryther, 1980; Levasseur and Therriault 1987) . However, nutrient limitation can be reversed in upwelling areas by preferential silicate enrichment during mineralization processes (Alvarez-Salgado et al. 1997 ). The Ría de Vigo is a conspicuous example of such reversal. The N:Si ratio in the BOL was decreased to 1.1 by cumulative mineralization in source-ENACW over the shelf and into the ría.
Below the pycnocline, where rapid in situ mineralization is usually observed (Holligan et al. 1984; Figueiras and Ríos 1993) , the N:Si ratio was as low as 0.5. Dissolution of sinking and deposited diatom frustules, selectively concentrated in the lower layers are probable reasons for the low ratios observed (Dugdale et al. 1995; Nelson et al. 1995 ).
The 16.1 mmol Si m -2 d -1 supplied to the SOL would lead to a daily increase of
, if homogeneously distributed throughout this layer. This concentration is double the threshold of 2 µM necessary for the inherently high growth rate of diatoms at non-limiting silicate concentrations (Egge and Asknes 1992) . Even the actual silicate concentration in the SOL, 2.9 µM, exceeded this threshold; therefore, silica was not the element limiting diatom growth during the diel experiment. As phosphate concentration in the SOL was high (>0.2 µmol kg -1 ), nitrogen would seem to be the limiting nutrient. The net N:Si molar uptake ratio (1.7) was 3.4 times the source ratio, and was higher than that expected for growing diatom populations (Brzezinski 1985; Levasseur and Therriault 1987) , suggesting that the prevailing diatom assemblage was beginning to decline.
Moderate wind-driven upwelling on 18 September, with an upwelling index of <750 m 3 s -1 km -1 coast (Rosón et al. 1997) , introduced both mineralized and new nutrients from the ocean to the SOL. The amount of nutrients entering from the IIL was more than five times that supplied by continental runoff; this is usual in the study area at this time of year (Prego 1992; Ríos et al. 1992) . Warm water--temperature, high stratification, low turbulence, nutrient enrichment from moderate upwelling and the presence of a shallow mixed layer all combine to provide optimal conditions for the development of red-tide species (Cullen et al. 1982; Chang and Carpenter 1985; Thomas and Gibson, 1990; Berdalet and Estrada, 1993) .
Net community production in the SOL, estimated from current velocity and
, based on a C:N molar uptake ratio of 7 (i.e the average molar ratio of particulate organic matter during the diel experiment). A chl a:N ratio of -1 mg chl a:mmol N, is typical for phytoplankton in exponential growth (Antia et al. 1963; Eppley et al. 1971; Malone et al. 1983) . Using this ratio, the maximum expected net chlorophyll production in the SOL would be 7.5 mg m -2 d -1
, an amount that probably could not compensate losses by diatom sedimentation and grazing pressure. The declining diatom assemblage concentrated around the pycnocline -the boundary between the opposite-flowing SOL and IIL (Fig. 2) . As horizontal motion is largely limited in the pycnocline (Pritchard 1969; Rosón et al. 1997 ), diatoms could not be transported outwards by the SOL and therefore were sedimented into the ría. In contrast, the ability of red-tide organisms to swim actively and the limited predation by zooplankton (Fielder 1982;  Ives 1987) and mussels (Bricelj et al. 1993; Alvarez-Salgado et al. 1996) may allow unhindered development of the red-tide assemblage.
The ratio of net to gross production, which is comparable to Eppley and Peterson´s (1979) ratio of new to total production (f-ratio; Platt et al. 1989; Quiñones and Platt 1991) , was 0.41. While NCP was limited by the reduced N-nutrient supply from the IIL, GPP was clearly light-limited, since the I K was always higher than the PAR (Table 2) . Consequently, the high f-ratio observed, which is characteristic of upwelling conditions (Eppley 1989; Chisholm 1992; Dugdale and Wilkerson 1992) , arose from the a combination of light limitation of carbon production, and nutrient limitation of nitrogen production. Had the PAR been higher than I K during the photoperiod, i.e. GPP = chl a x P max , then daily-integrated GPP would have been
, and the f-ratio would decreased to 0.15. Rapid development of red-tide assemblages usually occurs at high ammonium concentrations or very low f-ratios (Fraga et al. 1988; Prego 1992; Le Core and L'Helguen 1993; Ríos et al. 1995) .
Within this hydrodynamic and chemical framework, the conspicuous diurnal pattern in the C:N ratio (Fig. 6b) was mostly due to changes in the biochemical composition of the diatom assemblage. Diatoms are able to incorporate nitrate (Balch 1987) and ammonium (Balch 1985) and to synthesise proteins (Morris and Skea 1978; Barlow 1984a; Cuhel et al. 1984 ) both day and night, and proteins can make up 90% of the total cellular nitrogen (Laws 1991) . Although assimilation of nitrogen is stimulated by light, day/night differences are less pronounced under conditions of nitrogen limitation (Vincent 1992) . Continuous assimilation of nitrogen during both the photoperiod and the dark is supported by the low levels of inorganic nitrogen (<0.3 µmol kg -1
) observed throughout the diel experiment. Massive production of carbohydrates during the photoperiod is necessary to cover the carbon and energetic requirements for maintenance of diatom cells and for nitrate uptake and reduction and protein synthesis in the dark (Laws and Wong 1978; Barlow 1984a; Barlow 1984b; Flynn 1990; Martin-Jézéquel 1992; Vincent 1992) .
Consequently, C:N ratios of a diatom population may exhibit the diurnal pattern observed during the present experiment, increasing during the photoperiod by means of carbohydrates synthesis enhanced by light intensity (Morris 1981; Martin-Jézéquel 1992) , and decreasing during the dark, when only protein synthesis can occur. The cumulative effect of the predominant net carbohydrate-synthesis is clearly evidenced by the high oversaturation of dissolved oxygen in the nitrogen-depleted SOL (Fig. 5f ), with subsequent losses to the atmosphere.
Dinoflagellates that are able to swim (Villarino et al. 1995) synthesised carbohydrates during the day in the surface layer, and proteins during the night at the pycnocline (Eppley et al. 1968; Dorch and Maske 1982; Yamochi and Abe 1984; Cullen et al. 1985; Hamma et al. 1988; Fraga et al. 1992) . The cytoplasm density of dinoflagellates is usually higher than that of diatoms (Hitchcock 1982) . In our study, the difference may have been enhanced by the decrease in the cellular content of the diatoms as growth slowed (Moal et al. 1987 ). The reduced cell number of the redtide assemblage (Villarino et al. 1995) only slightly enhanced the diurnal pattern observed (Fig. 6f) , by increasing the C:N ratio at the surface during the photoperiod and decreasing the ratio at the pycnocline during the dark. Growth rates of dinoflagellates (usually <0.5 d -1
) are substantially lower than those of other taxa (Tang 1996 and references therein). In the case of a massive red-tide of Gymnodinium catenatum in the Ría de Vigo, biomass duplicated after two diel cycles (48 h) because of limited carbohydrate-storage capacity of the cells, when the pycnocline was at 10 m depth ). In our study, where the pycnocline was at only 4 m depth, the energy required by dinoflagellates for active swimming was probably far less than that observed by Fraga et al. (1992) . 38 Figure 6 
